ABSTRACT: LL-23 is a natural peptide corresponding to the 23 N-terminal amino acid residues of human host defense cathelicidin LL-37. LL-23 demonstrated, compared to LL-37, a conserved ability to induce the chemokine MCP-1 in human peripheral blood mononuclear cells, a lack of ability to suppress induction of the pro-inflammatory cytokine TNF-α in response to bacterial lipopolysaccharides (LPS), and reduced antimicrobial activity. Heteronuclear multidimensional nuclear magnetic resonance (NMR) characterization of LL-23 revealed similar secondary structures and backbone dynamics in three membrane-mimetic micelles: SDS, dodecylphosphocholine (DPC), and dioctanoylphosphatidylglycerol. The NMR structure of LL-23 determined in perdeuterated DPC contained a unique serine that segregated the hydrophobic surface of the amphipathic helix into two domains. To improve our understanding, Ser9 of LL-23 was changed to either Ala or Val on the basis of homologous primate cathelicidins. These changes made the hydrophobic surface of LL-23 continuous and enhanced antibacterial activity. While identical helical structures did not explain the altered activities, a reduced rate of hydrogen−deuterium exchange from LL-23 to LL-23A9 to LL-23V9 suggested a deeper penetration of LL-23V9 into the interior of the micelles, which correlated with enhanced activities. Moreover, these LL-23 variants had discrete immunomodulatory activities. Both restored the TNF-α dampening activity to the level of LL-37. Furthermore, LL-23A9, like LL-23, maintained superior protective MCP-1 production, while LL-23V9 was strongly immunosuppressive, preventing baseline MCP-1 induction and substantially reducing LPS-stimulated MCP-1 production. Thus, these LL-23 variants, designed on the basis of a structural hot spot, are promising immune modulators that are easier to synthesize and less toxic to mammalian cells than the parent peptide LL-37.
ABSTRACT: LL-23 is a natural peptide corresponding to the 23 N-terminal amino acid residues of human host defense cathelicidin LL-37. LL-23 demonstrated, compared to LL-37, a conserved ability to induce the chemokine MCP-1 in human peripheral blood mononuclear cells, a lack of ability to suppress induction of the pro-inflammatory cytokine TNF-α in response to bacterial lipopolysaccharides (LPS), and reduced antimicrobial activity. Heteronuclear multidimensional nuclear magnetic resonance (NMR) characterization of LL-23 revealed similar secondary structures and backbone dynamics in three membrane-mimetic micelles: SDS, dodecylphosphocholine (DPC), and dioctanoylphosphatidylglycerol. The NMR structure of LL-23 determined in perdeuterated DPC contained a unique serine that segregated the hydrophobic surface of the amphipathic helix into two domains. To improve our understanding, Ser9 of LL-23 was changed to either Ala or Val on the basis of homologous primate cathelicidins. These changes made the hydrophobic surface of LL-23 continuous and enhanced antibacterial activity. While identical helical structures did not explain the altered activities, a reduced rate of hydrogen−deuterium exchange from LL-23 to LL-23A9 to LL-23V9 suggested a deeper penetration of LL-23V9 into the interior of the micelles, which correlated with enhanced activities. Moreover, these LL-23 variants had discrete immunomodulatory activities. Both restored the TNF-α dampening activity to the level of LL-37. Furthermore, LL-23A9, like LL-23, maintained superior protective MCP-1 production, while LL-23V9 was strongly immunosuppressive, preventing baseline MCP-1 induction and substantially reducing LPS-stimulated MCP-1 production. Thus, these LL-23 variants, designed on the basis of a structural hot spot, are promising immune modulators that are easier to synthesize and less toxic to mammalian cells than the parent peptide LL-37. N aturally occurring antimicrobial peptides (AMPs) are key components of the innate immune systems of all life forms. 1−6 The current version of the antimicrobial peptide database (http://aps.unmc.edu/AP/main.html/) contained 1800 AMPs as of October 2011. Among them, 151 entries originated from bacteria, 250 from plants, and 1283 from animals. 7, 8 In the case of animal AMPs, 665 were discovered from amphibians, primarily frog skin. Likewise, AMPs such as LL-37, β-defensins, dermcidin, psoriasin (S100A7), and RNase 7 were detected in human skin, 9, 10 and some of them can be produced upon UV irradiation.
11 LL-37 exists in infant skin, as well. 12 The protective role of human host defense cathelicidin LL-37 against infection has been demonstrated in animal models. 13, 14 In human skin, the activity of LL-37 is regulated by proteases at two levels: generation from its precursor protein hCAP-18 and degradation to smaller fragments, which may, or may not, be biologically active. Several active fragments of LL-37 have been detected in healthy human skin, including LL-23, LL-29, and KS-27. 15 The protease that cleaves hCAP-18 into LL-37 in neutrophils is proteinase 3, while other proteases such as kallikreins are proposed to cut LL-37 into smaller fragments in the skin. Importantly, the peptide cleavage pattern in healthy skin differs from that of diseased skin, suggesting that AMP profiles have potential diagnostic value and/or functional importance. 16 To study the structure−activity relationships of the natural fragments of human LL-37, which are poorly understood, we established bacterial expression systems for LL-23, LL-29, and KS-30. While LL-29 and KS-30 were found to be moderately antibacterial, LL-23 was poorly active (MIC > 150 μM) against Escherichia coli K12. 17 The structural basis for the poor antimicrobial activity of LL- 23 has not yet been explained. In addition, the poor antibacterial activity of LL-23 suggests that it may have other functional roles. To provide insight into different membrane-mimetic models, we compared the NMR structure and dynamics of LL-23 in the micelles of dodecylphosphocholine (DPC), sodium dodecyl sulfate (SDS), and dioctanoylphosphatidylglycerol (D8PG). Because the results in DPC and D8PG are more similar, and deuterated D8PG
is not yet commercially available, we determined the threedimensional (3D) structure of LL-23 in complex with deuterated DPC micelles by NMR spectroscopy. A unique hydrophilic residue, Ser9, was found on the hydrophobic surface of the 3D structure of micelle-bound LL-23. Interestingly, the same position in the sequences of homologous cathelicidins from primates is occupied by an Ala or Val residue. 18 To substantiate the essential role of Ser9, we created single-amino acid residue variants of LL-23 by changing Ser9 to Ala or Val (Table 1) . Because the N-terminal region of LL-37 is implicated in chemotaxis, we also evaluated the immunomodulatory activities of LL-23. Our studies revealed that position 9 of LL-23 is essential in regulating the immune and antimicrobial roles of the peptide. We observed that these natural amino acid variations at residue 9 of LL-23 had a dramatic effect on immunomodulatory properties, opening the door to engineering novel immune modulating peptides using a short fragment of LL-37 as a template. Here we report the structure, dynamics, antimicrobial activity, and immune regulation of LL-23 and its single-amino acid variants generated on the basis of non-human primate cathelicidin homologues.
■ MATERIALS AND METHODS
Peptides. For biological studies, all the peptides (Table 1) were chemically synthesized at isotopic natural abundance and purified to homogeneity (>95% pure) by reverse-phase highperformance liquid chromatography (HPLC) (Genemed Synthesis, Inc.). The C-termini of these peptides were not amidated. In addition, 15 N-labeled LL-23 was expressed in E. coli and purified using the established protocol. 17 The recombinant form of LL-23 contained an additional Pro residue at the N-terminus of the peptide, which resulted from formic acid cleavage of the Asp-Pro site in the fusion protein created to release the peptide. Previous studies showed that this additional Pro had no effect on antibacterial activity against E. coli.
17
Antimicrobial Activity Assays. The antibacterial activities of LL-23 and its variants were determined using the standard broth microdilution method as described previously. 19 In brief, a 5 mL culture was grown overnight. A fresh culture (5 mL) was inoculated with a small aliquot of the overnight culture and incubated at 37°C (250 rpm) until the optical density was approximately 0.5. The culture was then diluted to ∼10 6 colony forming units (CFU) per milliliter, and 90 μL aliquots were placed in a 96-well microplate. The bacteria were treated with a series of peptide solutions (10 μL) with 2-fold dilution. The assays were performed in triplicate for each peptide. The plate was incubated at 37°C overnight (∼16 h) and read on a ChroMate 4300 Microplate Reader at 630 nm (GMI, Ramsey, MN). The minimal inhibitory concentration (MIC) was defined as the lowest peptide concentration that fully inhibits bacterial growth. 19 In addition, the effect of carbonate anion on peptide activity was evaluated to better mimic physiological conditions. 20 Finally, the modified Clinical and Laboratory Standards Institute protocol for antibacterial assays used in initial testing was described previously. 21 The method was modified to prevent binding of the peptide to plastic.
The minimal bactericidal concentration (MBC) was determined by taking the wells just above the MIC (i.e., those that showed inhibition) and plating them for viable colonies. The MBC is the concentration at which no viable colonies can be obtained.
Immunomodulatory Assays. Venous blood from healthy volunteers was collected in Vacutainer collection tubes containing sodium heparin as an anticoagulant (BD Biosciences) in accordance with University of British Columbia ethical approval and guidelines. Isolation of peripheral blood mononuclear cells (PBMC), assessment of potential cytotoxicity by lactate dehydrogenase (LDH) release, stimulation of cells with peptides and bacterial lipopolysaccharide (LPS), and measurement of cytokine release by an ELISA were all performed exactly as described previously. 22 Membrane Potential Measurements. Cytoplasmic membrane permeabilization was assessed by using the membrane potential sensitive cyanine dye diSC 3 5 . 23 The mutant E. coli DC2 with increased outer membrane permeability was used so that diSC 3 5 could reach the cytoplasmic membrane.
NMR Sample Preparations. For structural and dynamic characterization by heteronuclear NMR spectroscopy, 15 Nlabeled LL-23 and lipids were solubilized in 300 μL of water containing 10% D 2 O as the field-locking signal. In the final sample, the peptide concentration was ∼0.5 mM. The LL-23:lipid molar ratios were 1:20, 1:60, and 1:60 for protonated D8PG (Avanti Polar Lipids, Alabaster, AL), deuterated SDS, and deuterated DPC (Cambridge Isotope Laboratories, Andover, MA), respectively. The solution was transferred to a SHIGEMI (Tokyo, Japan) tube for NMR measurements. For determination of three-dimensional structure, NMR samples in 32 Data were recorded on a 600 MHz Varian INOVA NMR spectrometer equipped with a tripleresonance cryogenic probe with a z-axis gradient capability. These data were then transferred to and processed off-line on a Silicon Graphics Octane workstation using NMRPipe and analyzed by PIPP. 33, 34 Three-Dimensional Structures of the Peptides in Membrane-Mimetic Micelles. For structural calculations of LL-23, LL-23A9, and LL-23V9, the major restraints were derived from 2D NOESY spectra. 35 For LL-23, additional distance restraints were obtained from 3D
15 N-separated NOESY spectra. The cross-peaks were integrated by PIPP and converted to distance restraints of 1.8−2.8, 1.8−3.8, 1.8−5.0, and 1.8−6.0 Å, corresponding to strong, medium, weak, and very weak types of NOE peaks, respectively. On the basis of 1 Hα, natural abundance 15 N, 13 Cα, and 13 Cβ chemical shifts, backbone angles were predicted by using an updated version of TALOS. 36 Hydrogen bond restraints were introduced on the basis of H−D exchange experiments, temperature coefficients, and the NOE-derived structures. 18 An extended covalent structure was used for the starting coordinates. An ensemble of 100 structures was calculated by using the simulated annealing protocol in Xplor-NIH. 37 Twenty structures were accepted on the basis of the following criteria: no NOE-derived distance violations of >0.20 Å, back dihedral angle violations of <2°, rmsd for bond deviations from ideality of <0.01 Å, and rmsd for angle deviations from ideality of <5°. The structures were viewed and analyzed using MOLMOL 38 and PROCHECK. ■ RESULTS Antibacterial Activity of LL-23 and Its Variants. Initially, antimicrobial activities were evaluated as MIC against wild-type E. coli K12 using a previously described protocol. 18 The MIC decreased from LL-23 to LL-23A9 to LL-23V9, indicating that the type of residue at position 9 influenced peptide activity (Table 1) . To substantiate these small differences in MIC, we utilized a more sensitive E. coli strain, DC2, which has a decreased outer membrane permeability barrier and is consequently supersusceptible to peptides. 23 LL-23 was found to inhibit this supersusceptible strain at 9 μM, a value only 3-fold increased over the MIC of LL-37 against this same strain ( Table 1 ), indicating that the outer membrane permeability barrier explained in part the very poor ability of LL-23 to kill wild-type E. coli. When residue Ser9 was altered to Ala9 (i.e., LL-23A9), a similar MIC was found. A substantial increase in MIC was observed for the LL-23V9 variant (2 μM). For comparison, we also determined the MICs of LL-37 and the corresponding single-residue variants using both supersensitive and wild-type E. coli strains. Interestingly, the MIC increased slightly from LL-37 to LL-37A9 to LL-37V9 (Table 1) .
We also measured the antimicrobial activities of LL-23 and its single-residue variants against the Gram-positive Staphylococcus aureus UAMS-1, a clinical isolate, and found it to be inactive (MIC > 160 μM). Consistent with this observation, LL-23 and its variants (Table 2 ) displayed no activity against a wild-type S. aureus Rosenbach strain. In the presence of carbonate, only LL-23V9 showed a slightly reduced MIC (12 μM). To better delineate the activity differences of these peptides, we tested a cationic peptide-susceptible S. aureus strain, with an mprF mutation ( Table 2 ). The MICs of both LL-23A9 and LL-23V9 were reduced by 4-fold compared to that of LL-23 (24 μM). In the presence of physiologically relevant carbonate, 20 the bacterium became even more susceptible with the MICs decreased to the 0.35−0.7 μM range for the Ala and Val variants of LL-23. We also measured the minimal bactericidal concentrations (MBCs). While the wild-type S. aureus strain was not killed at an MBC of >24 μM, the LL-23 variants were able to kill the mprF strain of S. aureus at 3−12 μM. Although the antimicrobial activity of these peptides depended on both bacterial strains and medium conditions (Tables 1 and 2) , it is evident that LL-23V9 was more active than LL-23 while LL-23A9 was equivalent versus E. coli DC2 and more active versus E. coli K12 or S. aureus.
Chemokine Release and Cytotoxicity. The immunomodulatory activities of the LL-23 variants were tested using PBMC. Previous studies have demonstrated that there are two major immunomodulatory activities of cationic peptides that correlate with protection in animal models, namely, their ability to attract immune cells through the production of chemokines like MCP-1 (CCL2) and their ability to suppress the production of pro-inflammatory cytokines like TNF-α in response to bacterial signature molecules like LPS. 40, 41 This selective modulation of innate immunity does not per se result in cytotoxicity, and we confirmed here that none of the LL-23 peptides or LPS utilized led to more than 4% of the maximal release of cytosolic lactate dehydrogenase in PBMC.
To assess their immunomodulatory activities, we evaluated cytokine and chemokine release in the presence of LL-23 and its variants and compared the results with those of LL-37 and its single-amino acid substitution variants ( Figure 1 ). The LL-37 variants were identical to LL-37 in demonstrating no induction of the pro-inflammatory cytokine TNF-α, a moderate ability to induce chemokine MCP-1 (cf. treatment with LPS) and a strong ability to suppress LPS-induced TNFα while maintaining the level of induced MCP-1. 22, 42 In contrast, LL-23 was able to induce moderate levels of MCP-1 but lacked the ability to suppress the release of LPS-induced MCP-1 or TNF-α. However, alteration of Ser9 of LL-23 to either Ala or Val restored the ability to reduce the level of LPS-mediated TNF-α release but had contrasting effects on MCP-1 production. Thus, LL-23V9 failed to induce any MCP-1 by itself and strongly suppressed LPS-induced MCP-1 production, indicating that it was a potent anti-inflammatory peptide, while LL-23A9 by itself induced MCP-1 induction but, unlike LL-37 or LL-23, strongly maintained LPS-induced chemokine production. Membrane Depolarization. To provide insight into the antimicrobial mechanism of action, we measured the effects of the peptides on bacterial membrane potential in the supersusceptible E. coli DC2 mutant. 23 The fluorophore diSC 3 5 is a caged cation that is concentrated within the cytoplasmic membrane of bacteria under the influence of the bacterial membrane potential gradient (Δψ); at these high concentrations, it selfquenches, leading to a suppression of fluorescence. When the membrane becomes leaky for cations, including protons, the Δψ is dissipated, leading to release of diSC 3 5. As shown for other cationic peptides, LL-37 showed a concentrationdependent fluorescence increase from 3 to 12 μM (Figure 2 ), indicating that this peptide was permeabilizing the membrane. At the same peptide concentrations, similar effects were observed with LL-23 and its variants in this supersusceptible strain, indicating that LL-23 did have the potential to act on bacterial membranes and reinforcing the idea that poor permeability across the outer membrane was the basis for the poor activity of this peptide against E. coli. Interestingly, LL-23A9 and LL-23V9 displayed increased permeability, and the membrane permeability of LL-23V9 was comparable to that of LL-37 in this model bacterium (Figure 2) . 20 In the table, +C denotes the presence of carbonate and −C the absence of that salt. Figure 1 . Production of pro-inflammatory cytokine TNF-α (A) or chemokine MCP-1 (CCL2) (B) in response to peptides in the presence or absence of bacterial LPS. Human PBMC were treated with 20 μg/mL peptide in the presence or absence of 20 ng/mL LPS, and after 24 h, the production of TNF-α or MCP-1 was assessed by an ELISA. The data in panel A demonstrate that none of the peptides was intrinsically pro-inflammatory and only LL-23 failed to suppress LPSmediated TNF-α production. The data in panel B demonstrate that all of the peptides except LL-23V9 were able to induce substantial levels of baseline MCP-1 but differed in their ability to suppress LPSmediated MCP-1 production. Results represent the means ± SD of five experiments. Figure 2 . Depolarizing activity of the LL-37-derived peptides. The E. coli DC2 susceptible strain was used in these experiments. 23 The percent dequenching of fluorescence of the membrane-potential sensitive fluorophore diSC 3 5 was assessed as a function of peptide concentrations of 8 (white bars), 16 (light gray bars), and 32 μg/mL (dark gray bars). These concentrations correspond to 3, 6, and 12 μM for the LL-23 series and 2, 4, and 8 μM in the case of LL-37, respectively. As a positive control, gramicidin S (GMS) was used at 16 μg/mL. 18 ,43 D8PG possesses a phosphatidylglycerol headgroup, identical to the native anionic lipids in bacterial membranes. In water, the cross-peaks of 15 N-labeled LL-23 occupied a narrow range of 7.9−8.5 ppm in the proton dimension, indicating a random coil conformation ( Figure 3A) . The cross-peaks of the peptide expanded to a wider range of approximately 7.6−8.9 ppm in the presence of micelles ( Figure  3B−D) . In addition, the cross-peaks of the peptide became broader. These observations indicated the binding of the peptide to membrane-mimetic micelles and folding into an ordered structure. 44 To provide additional evidence of complex formation, we measured the T 1 and T 2 relaxation times of the peptide in the absence or presence of micelles. 18 On the basis of the T 1 /T 2 ratios, the correlation times (τ c ) of the peptide with and without micelles were calculated (equation in Table 3 ). The τ c is related to the size of the molecular system under investigation. In water, LL-23 had a τ c of 3.5 ns. In the presence of micelles, the correlation times doubled (6.3−7.0 ns). The τ c values of the peptide in the bound state were comparable to those previously measured for small proteins, 45 indicating the formation of a complex between the peptide and micelle in each case. While the τ c values of the LL-23 peptide measured in SDS and DPC micelles were essentially identical, the value was slightly larger in D8PG micelles (Table 3) . It appeared that the peptide−D8PG complex was slightly larger than the complex of the peptide with either SDS or DPC.
Effects of Micelle
Chemical shifts are sensitive to protein conformation. Therefore, the H α chemical shifts of LL-23 in SDS, DPC, or D8PG micelles were compared in Figure 4A . Nearly identical H α chemical shifts supported similar backbone conformations of the peptide in these micelles. To provide site-specific insight into the backbone dynamics of LL-23 in these model systems, we measured heteronuclear 15 N NOEs for each residue of LL-23 in these micelles. In both DPC and D8PG micelles, Figure 4B indicates that LL-23 was rigid from residue 2 to 20 ( 15 N NOE ∼ 0.6−0.8). There were larger motions for residues 21 and 22, and residue 23 appeared to be more mobile as indicated by a small or negative 15 N NOE. In SDS, residues 2 and 3 were moderately mobile ( 15 N NOE = 0.2−0.5) followed by a rigid helical region between residues 4 and 20. Nevertheless, the motion pattern for residues 21−23 of the peptide in SDS was similar to those observed in DPC or D8PG micelles. Note that the C-terminal backbone 15 N nucleus of Arg23 showed an increased level of motion from DPC to D8PG to SDS micelles ( Figure 4B ). This was likely due to stronger charge repulsion between the negatively charged C-terminal end of LL-23 and the headgroup of the micelles from DPC (neutral) to D8PG (anionic) to SDS (strongly anionic). 46 A different micelledependent phenomenon was demonstrated for the N-terminus of the peptide. The strong headgroup of SDS made the micelle surface more acidic, 47 leading to a strong cross-peak for Leu1 (visible because of a precedent Pro residue in the recombinant construct) in SDS, moderate in D8PG, and too weak to be detected in DPC because of rapid exchange at pH 6 ( Figure 3) . Meanwhile, the N-terminal amide protons for residues L1, L2, and G3 shifted upfield in SDS ( Figure 3B ) compared to those in D8PG or DPC ( Figure 3C,D) , leading to an improved spectral dispersion of those protons in the latter two systems. Dynamically, however, the peptide behaved more similarly in DPC and D8PG micelles ( Figure 4B ). In addition, the HSQC spectral dispersions and peak positions of LL-23 in DPC and D8PG were also more comparable (Figure 3 ). These results indicated that DPC might be more similar to D8PG than SDS. Because deuterated D8PG is not yet commercially available, we utilized deuterated DPC micelles below as a model for highquality structural determination of LL-23 and its variants in the membrane-bound state.
Three-Dimensional Structures of LL-23, LL-23A9, and LL-23V9 in Complex with DPC Micelles. The T 1 /T 2 ratiobased method described above for calculating correlation times requires isotope labeling of AMPs. In the absence of isotope labeling, translational diffusion coefficients (D f ) can be measured as an indication of complex formation whereby the larger the complex, the slower its diffusion. 24 The diffusion coefficient for the peptide alone in solution was 1.6 × 10 −6 cm 2 /s, whereas LL-23, LL-23A9, and LL-23V9 in the presence of DPC micelles all had diffusion coefficients around 1.0 × 10 −6 cm 2 /s, indicating the formation of a complex in all cases. 24 Sequential NMR signal assignments for LL-23 or its variants in complex with DPC micelles were achieved by using the established 2D NMR method. 35 In brief, amino acid spin systems were identified in the TOCSY spectrum followed by the establishment of their connectivities via the NOESY spectrum. In each case, the NOE patterns in the fingerprint region contained (i,i+3) and (i,i+4) types of connectivities, typical of helical structures. TALOS 36 analysis of 1 Hα, 15 N, 13 Cα, and 13 Cβ chemical shifts of micelle-bound peptides identified a helical region spanning residues 2−21 for LL−23 and its single-residue variants. The NMR restraints used for determining the 3D structures of LL-23 and its variants are summarized in Table 4 . Figure 5 presents an ensemble of 20 structures for each peptide accepted using the criteria defined in Materials and Methods. The root-mean-square deviations were 0.39, 0.62, and 0.36 Å for LL-23 (A), LL-23A9 (C), and LL-23V9 (E), respectively, when the backbone atoms of residues 2−20 were superimposed. A Procheck analysis 39 of the ensemble of structures showed that 89.5−94.7% of the residues of these peptides are located in the most favored region of the Ramachandran plot (Table 4) . Thus, these structures were determined to high quality. Detailed statistics for each structural ensemble are summarized in Table 4 . As shown in the ribbon diagram of the peptide structure, the hydrophobic surface of LL-23 was segregated by a hydrophilic residue Ser9 ( Figure 5B ), whereas both LL-23A9 and LL-23V9 possessed continuous hydrophobic surfaces ( Figure 5D,F) . The continuity of the hydrophobic surfaces (in green) in the case of the LL-23 variants was evident in the colored space-filling models in Figure 6 . Interestingly, a similar hydrophobic gap exists in the 3D structure of intact LL-37 bound to SDS micelles ( Figure 7A ).
Hydrogen−Deuterium Exchange Dynamics Explains Peptide Activity Differences. Because the 3D structures of LL-23, LL-23A9, and LL-23V9 were similar, we also investigated the dynamic aspect of these peptides bound to DPC micelles based on H−D exchange experiments. This was performed by removing the water in the NMR samples followed by adding the same volume of deuterium oxide. As a consequence of H−D exchange, those exchangeable proton signals of the peptides became weaker and eventually disappeared from proton-detected NMR spectra. In the case of LL-23, the amide proton signals of terminal residues 2−5, 22, and 23 disappeared in 20 min. After 21 h, only the backbone amide proton signals for residues I13, F17, and I20 of the peptide remained (Table 5 ). All the backbone amide signals of LL-23 disappeared within 6 days. After 21 h, for LL-23A9, only the amide proton signals of A9, K10, I13, and F17 were detected, while in the case of LL-23V9, only the peaks for V9, K10, K12, I13, and F17 were detected. After 72 h, only the peaks of I13 and V9 of LL-23V9 remained. The signal of I13 was even observed for LL-23A9 and LL-23V9 after 2 weeks. Overall, there was a trend of slowed exchange of an increasing number of residues from LL-23 to LL-23A9 to LL-23V9 after 21 h ( Table 5 ). The slowed exchange of the amide protons of the LL-23 variants might reflect their deeper penetration into the DPC micelles. The enhanced membrane penetration ability from LL-23 to LL-23A9 to LL-23V9 was in line with their increased peptide hydrophobicity according to HPLC retention times (Table 5) . 49 Remarkably, the exchange dynamics of LL-23 and its variants were fully consistent with their antimicrobial activities. We propose that deeper penetration of LL-23V9 into the bacterial cytoplasmic membrane was important for its enhanced antibacterial activity against both the supersusceptible and normal strains of Gram-negative E. coli (Table 1) .
■ DISCUSSION
This study provided unique insight into the structure, dynamics, and functions of LL-23, a natural derivative of human cathelicidin LL-37, and of the differential activities of hypothesized primate variants. The structure and dynamics of LL-23 were similar in SDS, DPC, and D8PG micelles, indicating that these membrane-mimetic micelles had little impact on the peptide conformation. A helical structure was found between residues 2 and 20 of the peptide with the three C-terminal residues disordered. The increased levels of motion at the C-terminus of LL-23 could be attributed to peptide chain truncation, as these residues are structured in intact LL-37 ( Figure 7B ). Mobile residues were also observed at the C-terminus of LL-37, and they were not required for membrane binding (Figure 7) . Except for the disordered C-terminus, the LL-23 structure in DPC micelles was identical to that in the highresolution structure of intact LL-37 bound to SDS micelles ( Figure 7) . The fact that both the structures of LL-23 (this study) and LL-37 18 were independent of micelle types led us to conclude that the differences between the two LL-37 structures, one determined in DPC micelles by 2D NMR 48 and the other in SDS micelles determined by 3D NMR, 18 might stem from the insufficient spectral resolution in the 2D NMR case as initially noted by Li et al. 49 In the high-resolution structures of both SDS-bound LL-37 and DPC-bound LL-23 (Figure 7) , the helix started from residue 2 and the aromatic rings of F5 and F6 were perpendicular to each other as a result of aromatic− aromatic interactions.
Interestingly, determination of structure revealed a hydrophobic defect in the structure of LL-23, whereby a hydrophilic Ser9 segregated the hydrophobic surface into two clusters ( Figure 6 ). However, there was no increased level of motion at Ser9 based on heteronuclear 15 N NOE measurements ( Figure 4B) . Therefore, the poor activity of LL-23 was not due to an increased level of motion at that position on the picosecond to nanosecond time scale. Similar results were observed in the high-quality structure of intact LL-37 ( Figure 7A) . 18 Zelezetsky and colleagues sequenced cathelicidins from more than a dozen primates. 50 Sequence comparison revealed that at position 9, human LL-37 possesses a Ser residue, while the same position in non-human primate cathelicidins has an Ala or Val residue. 18 Our results indicated that a change of hydrophilic Ser9 on the hydrophobic surface of LL-23 to hydrophobic Ala or Val did not change the backbone structure of the peptide ( Figure 5) . Thus, the activity differences of LL-23 and its variants could not be explained at the backbone level of the 3D structure in this case. This observation revealed the challenge in correlating the 3D structure of AMPs with antimicrobial activity. What then was responsible for the activity difference? We observed that the H−D exchange rates were reduced when Ser9 of LL-23 was substituted with Ala or Val. Therefore, the existence of hydrophilic Ser9 on the hydrophobic surface did not allow LL-23 to penetrate as deeply into the membrane environment, consistent with its poor ability to kill even supersusceptible or carbonate-treated bacteria (Table 1) or polarize the bacterial membranes. In contrast, when hydrophilic Ser9 was substituted with hydrophobic Val, the reduced exchange rate corresponded to higher antimicrobial activity as well as improved membrane polarizing ability (Figure 2 ). Against wild-type E. coli K12, the negligible antimicrobial activity of LL-23 was clearly a function of its poor ability to penetrate the outer membrane and possibly The structure of LL-37 (PDB entry 2K6O) was reported previously. 18 The space-filling and ribbon diagram models of LL-37 are shown in panels A and B, respectively, while a ribbon diagram of LL-23 (PDB entry 2LMF) is shown in panel C. Both LL-37 and LL-23 consist of an amphipathic helix followed by a short disordered tail at the C-terminus. Note that only the amphipathic helix portion is required to associate with bacterial membranes. Also in both structures, a hydrophilic Ser9 (gold) is located on the hydrophobic surface, leading to two hydrophobic domains in each. The two-domain structure 18 explains the cooperative LPS binding of LL-37 56 and weak LPS binding of LL-23 (see the text). a The retention time of the peptide was measured on a Waters HPLC system equipped with an analytical reverse-phase Waters symmetry C8 column (150 mm × 3.9 mm). The peptide detected at 215 nm was eluted with a gradient of acetonitrile (containing 1% TFA) from 5 to 95% at a flow rate of 1 mL/min. its sensitivity to rapid efflux from the cell. When this barrier was overcome by using a supersusceptible strain DC2 with an altered outer membrane, the residual antimicrobial activity of LL-23 could be attributed to a large extent to the hydrophobic gap in the 3D structure. This hydrophobic gap, an inherent structural defect, split the hydrophobic surface of LL-23 into two portions ( Figure 6A ), thereby weakening its membrane penetration and depolarization ability. Besides direct microbial killing, LL-37 is known to regulate the immune response. It is now well understood that in addition to surface receptors, LL-37 is able to rapidly traverse into mammalian cells in a manner reminiscent of cell-penetrating peptides 51 and interact with cytoplasmic interaction partners in a manner that determines its immunomodulatory properties. 52 In particular, the N-terminal region of LL-37 is implicated in direct chemokine activity. 53 Unlike the potent anti-inflammatory activity of LL-37, this study showed that LL-23 had a weak ability to suppress the LPS-induced release of either TNF-α or MCP-1, which was restored in the case of the primate-specific sequence variant peptides. This suppression activity of LL-37 is related to its LPS binding ability. 54, 55 Our previous NMR characterization mapped the LPS binding region of LL-37 to residues 2−31.
18 Because Ser9 separates the hydrophobic surface of LL-37 into two domains ( Figure 7A ), our 3D structure explains the cooperative LPS binding observed previously. 56 One such domain was located between residues 15 and 32 of LL-37. 57 Because LL-23 contained the short N-terminal LPSbinding domain and part of the strong LPS-binding domain ( Figure 5B ), it is not surprising that this peptide was unable to effectively suppress LPS-induced TNF-α release ( Figure 1A ). However, a change of Ser9 of LL-23 to Ala or Val reduced the level of TNF-α release, presumably by enhancing its LPS binding ability. The continuous hydrophobic surface of the LL-23 variants (Figure 6 ) might also explain in part the increased level of suppression of LPS-induced release of chemokine MCP-1 ( Figure 1B) . However, the effects of LL-37 in antagonizing LPS stimulation of pro-inflammatory cytokine expression are only partly dependent on LPS binding. 22, 54 Thus, we assume that these effects reflected both the relative ability to bind to LPS and a direct influence on signaling.
Importantly, this series of peptide variants offered very different immunomodulatory activities with LL-23 being able to induce chemokine production but no anti-inflammatory effect, LL-23V9 having a potent anti-inflammatory activity but no chemokine production ability, and LL-23A9 not only having the anti-inflammatory activity and chemokine induction abilities of LL-37 but also being able to maintain the protective chemokine response to LPS. Our studies indicated that these substantially shorter variant peptides not only shared properties with their parent peptide LL-37 but also provided the starting points for optimizing peptides with rather distinct and useful immunomodulatory activities. These important findings opened the door to peptide engineering using LL-23 as a model, which clearly possessed favorable properties compared to those of LL-37 in several aspects. First, LL-23 has a shortened sequence, which is less costly to synthesize. Second, LL-23 exhibited low toxicity to mammalian cells because of sequence truncation that disrupted the strong antimicrobial region of LL-37. 49, 58 Third, the short sequence of LL-23 also facilitated detailed immune modulation studies of additional peptide variants. Because these LL-23 variants interacted well with both anionic and neutral membrane mimics, it was tempting to speculate that their differences in membrane interaction dynamics and surface properties are responsible for these properties via the influence of their ability to be taken up into host cells and their interaction with discrete receptors.
In summary, our structure−activity relationship studies provided important insight into the functional roles of LL-23. It is a peptide with weak antimicrobial activity as well as weak suppression of pro-inflammatory cytokine induced by LPS. These poor activities, to a large extent, might be attributable to the segregation of the hydrophobic surface of LL-23 into two small hydrophobic clusters by Ser9 (i.e., a structural hot spot) ( Figure 6 ). It is understandable now that mutations at that hot spot of LL-23 drastically affected peptide activities. Interestingly, similar single-residue variants of LL-37, unlike LL-23, did not show distinct differences in immune modulations (Figure 1 ). Such differences between LL-23 and LL-37 in response to single-residue changes were not determined by the 3D structures (Figure 7) , because the structures for residues 2−21 in both peptides were identical, including the location of hydrophilic Ser9 on the hydrophobic surface ( Figures 6A and  7A ). Rather, we might attribute the difference to the truncation of the LL-37 sequence that disrupted the strong LPS-binding region. 57 In the presence of that region, the effect of the Ser9 to Val substitution on the immune modulating function of LL-37 could have been masked. In the case of LL-23, the same replacement drastically altered the properties of the molecule as a consequence of the merging of the two isolated and small hydrophobic moieties into a continuous and stronger membrane, endotoxin (LPS), or receptor-binding surface (see Figure 6 ). Such a sequence difference between LL-23 and LL-37 underscored peptide-dependent functional outcomes even though they share the same structure in the corresponding region.
■ CONCLUSIONS
The significance of host defense peptide LL-37 to human health is now firmly established. Differential expression of this peptide is associated with a variety of diseases, including cancer. 13, 59 The 3D structure of human LL-37 provides insight into its antimicrobial and cooperative LPS binding properties. 18, 58 The biology of human LL-37 is further complicated by protease-generated fragments for which structure and function are poorly understood. This heteronuclear NMR study of the structure and dynamics of LL-23 is an important step toward understanding its functional roles. Our results for LL-23 in membrane-mimetic micelles (SDS, DPC, or D8PG) made the trend in NMR chemical shifts, peptide structure, and dynamics more understandable. For example, the magnitude of motion of the C-terminal residue on the picosecond to nanosecond time scale was in the SDS > D8PG > DPC order ( Figure 4B ), which might be due to stronger negative charge repulsion between the peptide and micelles.
In DPC micelles, LL-23, LL-23A9, and LL-23V9 shared the same helical structure (Figure 5 ), which made a direct structure−activity correlation unsuccessful at the backbone level. Nevertheless, these peptides differed at a critical side chain, which was sufficient to cause them to interact with membranes differently (Table 5 and Figure 2 ). In particular, they displayed different exchange dynamics, which provided a means for correlation with antimicrobial activity. LL-23 with a defect on the hydrophobic surface ( Figure 7 ) was unable to effectively penetrate bacterial outer membranes and interacted poorly with outer membrane defective bacteria. However, a substitution of Ser9 of LL-23 with a hydrophobic residue Val, as observed in homologous primate cathelicidins, led to a continuous hydrophobic surface on LL-23V9, allowing a deeper penetration into the bacterial membranes of outer membrane defective bacteria to exert its damaging effects. Our H−D exchange data also indicate that alteration of residues was directly responsible for this enhanced ability and caused a shift of the slowed exchanged residues from the C-terminus of the peptide (Val21 disappeared) to the hot spot (residue 9 remained) ( Table 5 ). In addition, while LL-23 had modest chemokine inducing activity, its variants showed distinct and potent immunomodulatory activities (Figure 1 ). Thus, a very minor sequence change on the common structural scaffold of LL-23 led to peptides with dramatically different and potent immunomodulatory properties as a consequence of the differences in their dynamic interactions with cells. In conclusion, a single amino acid change on the hydrophobic surface of LL-23 substantially modulated its antimicrobial as well as immune modulating activities. In contrast, a similar modification on LL-37 did not alter its immune modulating activities but reduced its antimicrobial activity only slightly ( Figure 1 and Table 1 ). We propose that the LL-23 family investigated here represents interesting templates for designing distinct and new immune modulating peptides. Because these peptides primarily modulate the human immune system, there is little chance for bacteria to develop resistance. In particular, our observation that LL-23V9 by itself was unable to induce MCP-1 might be of use in designing anti-inflammatory peptides to treat inflammatory diseases such as asthma, rheumatoid arthritis, inflammatory bowel disease, and atherosclerosis. 
■ ABBREVIATIONS
AMPs, antimicrobial peptides; DPC, dodecylphosphocholine; D8PG, dioctanoylphosphatidylglycerol; ELISA, enzyme-linked immunosorbent assay; HSQC, heteronuclear single-quantum coherence spectroscopy; LDH, lactate dehydrogenase; LPS, lipopolysaccharides; MCP-1, monocyte chemotactic protein-1; MBC, minimal bactericidal concentration; MIC, minimal inhibitory concentration; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; PBMC, human peripheral blood mononuclear cells; rmsd, root-mean-square deviation; SD, standard deviation; SDS, sodium dodecyl sulfate; TNF-α, tumor necrosis factor α; TOCSY, total correlated spectroscopy.
